Anaerobically, Brochothrix thermosphacta fermented glucose primarily to Llactate, acetate, formate, and ethanol. The ratio of these end products varied with growth conditions. Both the presence of acetate and formate and a pH below about 6 increased L-lactate production from glucose. Small amounts of butane-2,3-diol were also produced when the pH of the culture was low (s5. Brochothrix thermosphacta is an organism of uncertain taxonomic position and forms a significant component of the spoilage flora of meat and meat products (26). Aerobically, this organism can form cytochromes (5) and use glycerol or carbohydrates as energy sources (8), producing acetate and acetoin (4) as end products. Anaerobically, a fermentable carbohydrate appears necessary for growth, and cytochromes are not produced (L. E. Brownlie, M.Sc. thesis,
Brochothrix thermosphacta is an organism of uncertain taxonomic position and forms a significant component of the spoilage flora of meat and meat products (26) . Aerobically, this organism can form cytochromes (5) and use glycerol or carbohydrates as energy sources (8) , producing acetate and acetoin (4) as end products. Anaerobically, a fermentable carbohydrate appears necessary for growth, and cytochromes are not produced (L. E. Brownlie, M.Sc. thesis, University of Sydney, Australia, 1969) . It is unclear what products are formed from the anaerobic degradation of glucose. McLean and Sulzbacher (20) detected no volatile acids, but found L-lactate and some gas as end products from glucose. Davidson et al. (5) reported that lactate accounts for most of the glucose, no gas is produced, and only trace amounts of acetate and propionate are detectable. Hitchener et al. (11) found that in glucose-limited continuous cultures lactate and ethanol are produced in the approximate ratio of 3:1.
In this study, the end products produced by the anaerobic fermentation of glucose were determined, and the role of some control factors in regulating the formation of these compounds was examined. The presence of some of the key enzymes required for the metabolism of pyruvate to these end products was demonstrated.
MATERIALS AND METHODS
Organism and growth conditions. B. thermosphacta ATCC 11509 was grown at 25°C under a nitrogen atmosphere (9) in half-strength mineral salts medium 56 (21) supplemented with 0.3% yeast extract (Difco Laboratories, Detroit, Mich.) and various amounts of glucose, as indicated in the text. Cells used for analysis of enzyme activities or as washed cells were grown in this basal medium containing 7.4 mM glucose. In experiments designed to examine acetate induction of diacetyl (acetoin) reductase, a complex medium (pH 7) was used which contained the following (per liter of distilled water): yeast extract (Oxoid Ltd., London, England), 7.5 g; tryptone (Oxoid), 12.5 g; glucose, 1.33 g; trisodium citrate dihydrate, 5 g; K2HPO4, 10 g; MgSO4 * 7H20, 1 Separation and counting of radioactive fermentation products. The NaOH solution was washed from the top portions of the Thunberg tubes, and the radioactivity in a sample was counted. The remaining alkaline solution was treated with BaCl2 and NH4Cl (final concentration of each, 3.3%) to precipitate trapped carbon dioxide as BaCO3. Precipitated BaCO3 was collected on membrane filters (0.45-pum pore size; Millipore Corp., Bedford, Mass.) and dried before counting. Cells were harvested by centrifugation, washed with 5% trichloracetic acid, and collected on membrane filters. Soluble labeled fermentation end products were separated by the methods of Neish (22) and Dawes et al. (6) for distillation of volatile fatty acids, and ether extraction of nonvolatile acids. Samples of the fermentation supernatant, the material obtained by distillation and ether extraction, and the residues of distillation and ether extraction were chromatographed on silica gel columns (22, 31) with known amounts of unlabeled butyrate, propionate, acetate, formate, lactate, succinate, and ethanol. Samples (0.1 to 1 ml) from the eluates of the silica gel columns and from fractions separated by distillation and ether extraction were added to 10 ml of PCS (Amersham Corp., Arlington Heights, lll.) scintillation fluid, and the radioactivity was counted in a Tri-Carb liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.). The radioactivity in samples containing chloroform was counted by using both the tritium and '4C windows, and corrections were made for quenching.
Washed-cell suspensions. Cells were harvested by centrifugation (in stoppered centrifuge tubes flushed with nitrogen) from the late-logarithmic phase of an anaerobic culture grown in basal medium plus 7.4 mM glucose and washed with deoxygenated 50 mM potassium phosphate (pH 6.8) containing 5 to the buffer used to wash the cells, and 5 mM DTT and 0.8 mM ferrous sulfate were included in the reaction mixture to ensure a low redox potential (13) . All of the glucose (3.6 mM) was consumed, and no butane-2,3-diol were detected (<0.01 mM) in the end products. There was no 'significant difference in end products at pH 6.6 and 7.4 ( Table 2) . At pH 5.4, however, about a third more lactate was formed, and there was a corresponding reduction in the amounts of the other end products. The low acetate-to-ethanol ratio may be the result of incubating the cells with DTT and ferrous sulfate to ensure a low redox potential.
Effects of acetate and formate on end products. Although incubation of cells at a low pH (5.4) did change the end products formed from glucose, this change was small relative to that seen with growing cultures (Fig. 1) . The role of acetate and formate in influencing end products was therefore examined in growing cultures where the pH did not fall below 6.6. B. thermosphacta was grown anaerobically in basal medium with 1.85 mM added glucose (total glucose, 2.1 mM) and with up to 75 mM added sodium acetate, sodium formate, or both. When both acetate and formate were added to the growth medium, these compounds were added in the molar ratio of 1:2. After growth had ceased, the final pH values of the growth media were 6.63 to 6.74, and no residual glucose was detected.
Both acetate and formate brought about changes in the production of lactate and ethanol (Fig. 2) Enzymes associated with the conversion of pyruvate to end products. Table 3 lists the specific activities of the enzymes examined in cell-free extracts prepared from cells anaerobically grown in basal medium with 7.4 mM glucose.
When crude extracts were assayed in the direction of L-lactate oxidation with NAD, no activity was detected with 5 mM lactate and 0.1 mM NAD in phosphate buffer at pH 6.0 or 7.9. However, there was considerable enzyme activity when lactate dehydrogenase was measured in the reverse direction of pyruvate reduction with NADH. The pH optimum was between 6.0 and 6.5 in both potassium phosphate buffer and imidazole-hydrochloride buffer. Over the pH range of 6.0 to 7.9, the rate of pyruvate reduction was 25 to 30% faster in phosphate buffer than in imidazole buffer. At pH 7.0 the reaction rate was about 70%, and at pH 7.9 about 25%, of the rate at pH 6.0. The rate of pyruvate reduction by the crude extract was not significantly changed by an 18-h dialysis against three changes of 200 volumes of potassium phosphate buffer (pH 7). Neither 1 mM fructose-1,6-disphosphate (Fru-1,6-P2) nor 1 mM manganese sulfate separately or together increased the enzyme activity of the dialyzed extract. Fruc-1,6-P2 had no significant effect on either the Vmax or the Km for pyruvate when measured at pH 6.0 with phosphate buffer or at pH 7.5 with imidazole buffer. At pH 6 (11) and the low ATP yield from glucose by the EntnerDuodoroff pathway imply that this pathway is unlikely to be a major pathway of glucose metabolism. High activities of hexokinase and fru-1,6-P2 aldolase have been detected in B. thermosphacta (3). It is, therefore, most likely that, under anaerobic conditions, glucose is fermented principally by the Embden-Meyerhoff-Parmas pathway to pyruvate, and thence to lactate, acetate, ethanol, and formate as the major end products.
In growing cultures, as increasing amounts of glucose were consumed and the pH of the growth medium decreased, increasing amounts of lactate and decreasing amounts of acetate, ethanol, and formate were produced. In homofermentative lactobacilli and streptococci, a change from mixed-acid fermentation at low glucose concentrations to lactic fermentation at high glucose concentrations is usually associated with the lactic dehydrogenase being Fru-1,6-P2 regulated (7). However, B. thermosphacta lactic dehydrogenase did not appear to be under Fru-1,6-P2 regulation. After dialysis of cell-free extracts, no requirement for or stimulation by Fru-1,6-P2 could be shown in phosphate or imidazole buffer over the pH range of 6.0 to 7.9. The pH optimum of 6.0 to 6.5 for lactic dehydrogenase and the increased lactate production by washed cells at pH values lower than 6.0 are consistent with increased lactate formation as the pH of the culture falls below 6.0.
Acetate and formate, however, probably play .9 when the metabolically produced acetate and formate levels were 4.4 and 9.7 mM, respectively. Since bacterial cells are normally more permeable to undissociated formic and acetic acids than to the ionized anions, lowering the pH of the growth medium can be expected to increase the effect of these acids in altering end products. It therefore appears that as acetate and formate accumulate in growing cultures, particularly when the pH falls, these acids reduce the amount of glucose that can be diverted through the pyruvate-formate lyase pathway, and an increasing amount of glucose is catabolized to lactate. Acetate also plays a role in the production of the small amount of butane-2,3-diol formed. When the pH of the growing cultures was above 6.6, butane-2,3-diol was detected only in the presence of added acetate, and this addition of acetate doubled the amount of diacetyl (acetoin) reductase formed. Furthermore, the activity of the pH 6 acetolactate-forming enzyme was higher when assayed in the presence of acetate. These results are similar to those obtained for the butane-2,3-diol-forming system of Aerobacter aerogenes (17) , in which acetate, particularly at low pH values, acts as a coordinate inducer of the three enzymes required for the production of butane-2,3-diol from pyruvate, acts as an activator of the pH 6 acetolactateforming enzyme, and favours butane-2,3-diol formation by diacetyl (acetoin) reductase. However, compared with A. aerogenes, B. thermosphacta appeared to produce less of the latter two enzymes, and the induction by acetate was less.
The experiments with [1-_4C] (30) and in growing cultures of Escherichia coli and Aerobacter cloacae (10) .
